Introduction {#S0001}
============

Approximately 50--60% of patients with malignancies undergo traditional therapies.^[1](#CIT0001)^ Fractionated radiotherapy (RT) is often used because it has fewer toxic effects in healthy cells than single high doses of RT, and emerging evidence demonstrates that fractionated RT is more immunogenic.^[2](#CIT0002),[3](#CIT0003)^ Fractionated RT has also been shown to cause tumor cell apoptosis and necrosis through DNA damage, resulting in immunogenic cell death (ICD).^[4](#CIT0004)^ ICD of cancer cells is mediated by damage-associated molecular patterns (DAMP),^[5](#CIT0005)^ which facilitate the activation and migration of antigen-presenting cells (APCs) and thereby modulate the maturation and accumulation of cytotoxic T lymphocytes (CTLs).^[6](#CIT0006),[7](#CIT0007)^ However, disease relapse still occurs frequently due to a variety of resistance mechanisms related to fractionated RT monotherapy.

Programmed death (PD) protein is highly expressed in the tumor microenvironment (TME) and is related to immunosuppression of antitumor immunity in some patients, particularly those with immunogenic tumors.^[8](#CIT0008)^ In the presence of chronic inflammation, inflammatory cytokines and chemokines frequently induce PD-ligand 1 (PD-L1) protein expression.^[9](#CIT0009)^ PD-L1 interacts with its receptor PD-1, which is highly expressed on activated lymphocytes, leading to anergy, exhaustion, and apoptosis of tumor-infiltrating lymphocytes (TILs).^[10](#CIT0010)--[12](#CIT0012)^ Furthermore, tumors with extensive PD-L1 expression and lymphocyte infiltration have been shown to respond well to αPD-1/PD-L1 monoclonal antibody (mAb) therapy.^[13](#CIT0013)--[15](#CIT0015)^ Clinical trials and murine tumor models have shown promising antitumor effects in response to blockade of the PD pathway.^[16](#CIT0016)--[19](#CIT0019)^ However, only approximately 20% of patients with malignancies respond to PD pathway blockade.^[20](#CIT0020),[21](#CIT0021)^ Therefore, it is necessary to combine PD immunotherapy with fractionated RT to increase antitumor immunity through exposure to tumor antigens.

The abscopal effect is a clinically rare phenomenon that occurs after irradiation treatment.^[22](#CIT0022),[23](#CIT0023)^ R.H. Mole first coined the term "abscopal" in 1953 to describe that tumors would shrink not only in the irradiated lesion, but also in out-of-field lesions.^[24](#CIT0024)^ Thus, PD immunotherapy in combination with fractionated RT may significantly increase the abscopal effect. Indeed, PD immunotherapy has been shown to rescue the activity of TILs, whereas fractionated RT increases the exposure of tumor antigens; these effects could allow antitumor immunity in the TME to be persistent and durable.

In this study, we examined the effects of fractionated RT, which may alter the activity of TILs in the TME,^[25](#CIT0025),[26](#CIT0026)^ on the expression of PD-L1. Furthermore, we assessed immune cell subsets across organs and tissues, locally and systemically. Our results provide important insights into the effects of fractionated RT in combination with αPD-1 mAb immunotherapy on tumor growth and progression.

Results {#S0002}
=======

Abscopal effects of combination therapy in the EL4 lymphoma model {#S0002-S2001}
-----------------------------------------------------------------

To understand how fractionated RT altered T-cell surface molecules, EL4 cells were irradiated with increasing doses of fractionated RT (0 Gy, 8 Gy × 2, 15 Gy × 2, 25 Gy × 2, once a day) *in vitro*, and the expression of PD-L1 following fractionated RT was assessed. PD-L1 expression was elevated after exposure to fractionated RT, even though EL4 cells barely expressed PD-L1 at the baseline *in vitro* ([Figure 1(a](#F0001),[b](#F0001))). To address whether fractionated RT in combination with αPD-1 mAb triggered systemic antitumor immune responses, mice were treated with control immunoglobulin G (IgG), αPD-1 mAb alone, RT plus control IgG, and RT plus αPD-1 mAb. Two fractionated RT doses of 8 Gy were delivered to a single tumor (primary tumor), and the contralateral tumor was set outside the radiation field ([Figure 1(c](#F0001))). Our data demonstrated that αPD-1 mAb slightly suppressed primary tumor progression compared with that in time-matched, control IgG mice (*P* \< 0.001). Fractionated RT as a single modality caused significant growth delay in the primary tumor; however, on day 19, the tumor showed progressive growth. Fractionated RT plus αPD-1 mAb more effectively inhibited tumor growth than did monotherapy ([Figure 1(d](#F0001))), with complete regression observed in some mice.10.1080/15384047.2018.1550569-F0001Figure 1.Fractionated RT and αPD-1 mAb work synergistically to enhance therapeutic efficacy against EL4 lymphoma.EL4 lymphoma cells were irradiated with increasing doses of fractionated RT (0 Gy, 8 Gy × 2, 15 Gy × 2, 25 Gy × 2, once a day). Representative flow cytometry (a) and immunostaining images (B) of PD-L1 expression in EL4 cells 24 h after the last dose of radiation. (c) Scheme of tumor engraftment and combination therapy; only the primary tumors received RT as indicated. (d) and (e) Subcutaneous tumor volume measurements (means ± SDs) of irradiated tumors (D) and contralateral tumors (e) with the indicated regimens. Data are shown as means ± SDs. Experimental groups contained at least five mice and are representative of at least three independent experiments. (f) Overall survival of tumor-free mice receiving combination therapy. The mice were rechallenged at a distant site 60 days after the first challenge. Experimental groups contained at least five mice, and data are representative of at least three independent experiments. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. RT, radiotherapy.

Interestingly, combination therapy mediated synergetic abscopal responses in nonirradiated tumor lesions. αPD-1 mAb alone halted the growth of contralateral tumors whose sizes remained stable. Fractionated RT resulted in transient tumor control followed by regrowth in most mice. Treatment with a combination of fractionated RT and αPD-1 mAb significantly controlled contralateral tumor growth ([Figure 1(e](#F0001))). The data indicated that fractionated RT alone was inadequate to generate durable and systemic anticancer immunity. In contrast, treatment with RT plus αPD-1 mAb triggered adaptive immune responses, leading to the regression of both irradiated and out-of-field tumors.

Long-term surviving (LTS) mice after first tumor challenge (60 days after first challenge), but not naïve mice, were resistant to a subsequent rechallenge with EL4 cells ([Figure 1(f](#F0001))), demonstrating that the combination of αPD-1 mAb and fractionated RT generated systemic antitumor immunity in mice.

Combination therapy remodels the TME in irradiated and distant tumor lesions {#S0002-S2002}
----------------------------------------------------------------------------

We analyzed changes in the immune cell profiles of the TME 7 days after treatment, by immunohistochemistry (IHC). Analysis of the patterns of tumor-infiltrating effector T cells showed that the proportions of CD3^+^, CD8^+,^ and CD4^+^ TILs were increased in fractionated RT- and αPD-1 mAb-treated mice when compared with control IgG-treated mice. The frequencies of CD3^+^, CD8^+,^ and CD4^+^ TILs in the combination therapy group were higher than those in the RT- or αPD-1 mAb monotherapy groups for both irradiated and out-of-field tumors ([Figure 2(a](#F0002),[b](#F0002))), and [Figure 3](#F0003)). However, the number of FOXP3^+^ T regulatory cells (Tregs) was reduced in mice receiving combination therapy compared with that in mice receiving monotherapies ([Figure 2(a](#F0002),[b](#F0002))), and [Figure 3](#F0003)). These changes in effector and immunosuppressive cells gave rise to significantly elevated ratios of both effector CD4^+^ and CD8^+^ T cells to Tregs in TILs of mice receiving combination therapy ([Figure 2(c](#F0002),[d](#F0002))). In addition, we assessed the numbers of NK cells and macrophages in the TME. The emergence of M1 macrophages (iNOS^+^) and NK cells was apparent in the combination therapy group compared with the control IgG groups for both irradiated and out-of-field tumors. However, combination therapy slightly increased the density of M2 macrophages (ARG1^+^) compared to the monotherapy or control IgG group. Consequently, combination therapy significantly increased the ratio of M1 to M2 macrophages in the TME (Figure S1).10.1080/15384047.2018.1550569-F0002Figure 2.Combination therapy reverses the highly immunosuppressive milieu to an immunostimulatory milieu by increasing effector T cells and decreasing Tregs.Animals were treated according to the scheme described in [Figure 1(c](#F0001)). Tumors were excised 7 days after treatment, and TILs were analyzed with IHC. (a) and (b) Positive cells per visual field of tumor-infiltrating CD3^+^ T, CD4^+^ T, CD8^+^ T, and FOXP3^+^ T cells in irradiated (a) and contralateral (b) lesions. (c) and (d) Ratios of CD8^+^ and CD4^+^ T cells to FOXP3^+^ T cells in irradiated (c) and contralateral (d) lesions. (e) Representative PD-L1 expression in tumors in nonirradiated animals (upper row) and irradiated animals (lower row). (f) Positive cells per visual field of PD-L1 expression in tumor tissues. Data represents cumulative results from 3 independent experiments with 5 mice/group. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. RT, radiotherapy.10.1080/15384047.2018.1550569-F0003Figure 3.IHC staining of tumor tissues with CD3, CD4, CD8, and FOXP3.Tumors were excised 7 days after treatment and analyzed with IHC. Representative immunostaining images of CD3^+^ T, CD4^+^ T, CD8^+^ T, and FOXP3^+^ cells in irradiated (left) and contralateral (right) tumors are presented.

In a pilot study, we found that fractionated RT could lead to expression of PD-L1 *in vitro*. Therefore, we next examined whether PD-L1 expression could be induced *in vivo*. We compared PD-L1 expression between experimental and control mice on day 7 after the last dose of fractionated RT ([Figure 2(e](#F0002),[f](#F0002))). The results showed that tumors from mice that had received combination therapy exhibited more intense staining for PD-L1 than those from control mice. However, this increase was more evident in fractionated RT-treated mice. In addition, we assessed changes in PD-1 expression and found increased expression of PD-1 in the fractionated RT group, but reduced expression in the αPD-1 mAb monotherapy and combination therapy groups compared with those in control mice (Figure S2A, 2B). The proportions of MHC class I and class II proteins in the combination therapy group were higher than those in the monotherapy or control IgG groups for both irradiated and contralateral lesions (Figure S3).

Lymphocyte activation and proliferation are observed in secondary lymphoid organs {#S0002-S2003}
---------------------------------------------------------------------------------

Next, we assessed the immune cell profiles of the spleen; although immune cells of the spleen often do not directly contact the tumor, they are often analyzed when assessing the mechanisms mediating therapeutic effects in cancer. Several clusters of lymphocytes increased in frequency on day 7 after therapy. The emergence of CD8^+^ and CD4^+^ T cells was apparent in the combination therapy group compared with the monotherapy groups ([Figure 4(a](#F0004),[b](#F0004))). The percentage of myeloid-derived suppressor cells (MDSCs, CD11b^+^Gr1^+^) decreased in the combination therapy group ([Figure 4(b)](#F0004)). Moreover, the ratios of CD4^+^ and C D8^+^ T cells to MDSCs were increased in the combination therapy group ([Figure 4(c)](#F0004)). Alterations in other subsets were observed, including macrophages (CD11b^+^ F4/80^+^) and dendritic cells (DCs, CD11c^+^). The numbers of macrophages and DCs, as APCs, were enhanced in the combination therapy group ([Figure 4(d)](#F0004)). Additionally, CD45^+^ cells showed enhanced Ki-67 expression as a proliferation marker ([Figure 4(e)](#F0004)). Proliferation in the spleen was consistent with the TME.10.1080/15384047.2018.1550569-F0004Figure 4.Combination therapy enhances lymphocyte activation and proliferation in secondary lymphoid organs.(a) Representative flow cytometry plots showing the percentages of CD3^+^, CD4^+,^ and CD8^+^ T cells in the spleen. (b) Cumulative results of CD4^+^ T cells, CD8^+^ T cells, and MDSCs (CD11b^+^Gr1^+^) in the spleen. (c) Ratios of CD8^+^ T and CD4^+^ T cells to MDSCs in the spleen. (d) Representative percentage of DCs and macrophages in the spleen. (e) Quantification of Ki-67 expression in CD45^+^ cells in the spleen. (f) Cumulative results of CD4^+^ T cells and CD8^+^ T cells in the DLNs. Representative results from three independent experiments with five mice/group. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. RT, radiotherapy.

We also analyzed the draining lymph nodes (DLNs) of primary tumors, in which T-cell priming was stimulated as part of the systemic response. Changes in T-cell subsets coincided with those in the spleen. Combination therapy resulted in significant expansion of CD3^+^ CD8^+^ and CD3^+^ CD4^+^ T cells ([Figure 4(f)](#F0004)).

Systemic immune responses occur upon combination therapy {#S0002-S2004}
--------------------------------------------------------

To investigate whether the immune responses were systemic, changes in T cells in the peripheral blood were analyzed by flow cytometry. Similar changes were observed in CD3^+^ CD8^+^ T cells, CD3^+^ CD4^+^ T cells, and MDSCs ([Figure 5(a](#F0005),[b](#F0005))). The fractions of CD4^+^ and CD8^+^ T-cell subsets were increased, and populations of circulating monocytes fluctuated, with MDSCs decreasing in frequency. Similarly, the ratios of CD4^+^ and CD8^+^ T cells to MDSCs were elevated in the combination therapy group ([Figure 5(c)](#F0005)).10.1080/15384047.2018.1550569-F0005Figure 5.Combination therapy induces increases in both CD4^+^ and CD8^+^ T cells.(A) Representative flow cytometry plots showing the percentage increases in CD3^+^, CD4^+,^ and CD8^+^ T cells in the blood. (B) Cumulative results of CD3^+^, CD4^+^, CD8^+^ T cells, and MDSCs in the blood. (C) Ratios of CD8^+^and CD4^+^ T cells to MDSCs in the blood. Representative results from 3 independent experiments with 5 mice/group. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. RT, radiotherapy.

Combination therapy enhances tumor antigen-specific memory t cells {#S0002-S2005}
------------------------------------------------------------------

To assess the effects of either monotherapy or combination therapy on the phenotypes of expanding T-cell subsets, CD62L^+^ CD44 ^--^ cells were defined as native T cells, CD44^+^ CD62L ^--^ cells were defined as effector memory cells, and CD44^+^ CD62L^+^ cells were defined as central memory cells. Notably, fractionated RT plus αPD-1 mAb significantly increased the proportions of effector and central memory cells, whereas it decreased the relative percentage of naive cells in the DLNs ([Figure 6(a](#F0006),[b](#F0006))). Interestingly, changes in memory cells in the spleen paralleled those in the DLNs ([Figure 6(c)](#F0006)).10.1080/15384047.2018.1550569-F0006Figure 6.Combination therapy increases tumor antigen-specific memory T cells.(a) Flow cytometry of putative memory markers in the DLN. (b) and (c) Frequencies of CD44^+^ CD62L^+^ central memory cells (left) and CD44^+^ CD62L ^--^ effector/memory cells (right) in the DLN (B) and spleen (c). Data are representative of three independent experiments. \*\**P* \< 0.01; \*\*\**P* \< 0.001. RT, radiotherapy.

Combination therapy stimulates the antigen-specific CD8^+^ t-cell response {#S0002-S2006}
--------------------------------------------------------------------------

Next, we assessed the CD8^+^ T-cell subsets of splenocytes in response to EL4 cells. The splenocytes in the three treatment groups showed significantly increased numbers and dose-dependent CD8^+^ T-cell activity in response to target cells at E/T ratios of 10:1, 20:1, and 40:1 compared with the control group ([Figure 7(a)](#F0007)). The cytotoxic activities in the combination therapy group were significantly higher than those in the corresponding control or monotherapy groups (*P* \< 0.001 at every ratio, n = 5).10.1080/15384047.2018.1550569-F0007Figure 7.Combination of αPD-1 mAb and RT induced a tumor antigen-specific CTL response in treated mice.(a) The spleens were collected from the treated mice in each group (n = 5) 7 days after treatment, and single-cell suspensions were obtained. The cytotoxic activity of splenocytes at E/T ratios of 10:1, 20:1 and 40:1 were shown. (b) IFN-γ and IL-2 production in the serum from treated mice was determined by ELISA. The results were presented as mean ± SD. \*\*\**P* \< 0.001. RT, radiotherapy.

We then evaluated the antigen-specific immune response in treated mice. We harvested serum from treated mice and analyzed serum levels of IFN-γ and IL-2 using ELISAs. As shown in [Figure 7(b)](#F0007), sera from mice in the combination therapy group contained significantly higher levels of IFN-γ and IL-2 than those of mice in the control or monotherapy groups (*P* \< 0.001).

A reasonable regimen of αpd-1 mab therapy and RT is required for the induction of an effective systemic immune response {#S0002-S2007}
-----------------------------------------------------------------------------------------------------------------------

To determine the optimal schedule for combined αPD-1 mAb and fractionated RT that can induce specific and durable antitumor immune responses, we designed four combination therapy schemes as follows: mice harboring EL4-derived tumors received two fractions of 8 Gy accompanied by application of αPD-1 mAb beginning on day 1 of the fractionated RT cycle (schedule A), on day 3 of the cycle (i.e., on the day of the second fractionated RT; schedule B), 4 days before starting fractionated RT (schedule C), or 4 days after completion of the fractionated RT cycle (schedule D; [Figure 8(a)](#F0008)). The data demonstrated that the effects of controlling tumor size in schedules A and D were similar at irradiated sites and out-of-field lesions ([Figure 8(b)](#F0008)). Nevertheless,αPD-1 mAb given 4 days before starting fractionated RT (schedule C) did not reduce tumor size well compared with schedules A, B, and D. Interestingly, there were clear differences in overall survival rates and complete tumor regression. With regard to survival rates, schedule D was found to be significantly superior to the other schedules ([Figure 8(c)](#F0008)). In addition, the curative rates were 33.33%, 50%, 25%, and 71.43% at the irradiated tumor and 16.67%, 40%, 0%, and 57.14% at the contralateral tumor for schedules A, B, C, and D, respectively ([Figure 8(d)](#F0008)). We further assessed changes in immune cell profiles in the spleen, DLNs, and blood in mice subjected to schedules A, B, C, and D. There were no significant differences in CD3^+^ CD8^+^ T cells, CD3^+^ CD4^+^ T cells, and macrophages between schedules A and D; however, the ratios of both effector CD4^+^ T cells and CD8^+^ T cells to MDSCs were increased under schedule D ([Figures 9](#F0009), [10](#F0010), Figure S4 and Figure S5A-5C). The emergence of NK cells was apparent in schedule D. In addition, we assessed changes in Class I and Class II MHC proteins in the four combination therapy groups. There were no significant differences among groups A, B, and D. However, the group C significantly decreased the expression of MHC Class I and Class II proteins compared with the other groups (Figure S5).10.1080/15384047.2018.1550569-F0008Figure 8.Optimal scheme for combination therapy with αPD-1 mAb and RT in an animal model of EL4 lymphoma.(a) Treatment scheme for combination therapy. Mice received fractionated RT (as two fractions of 8 Gy RT) alone or in combination with αPD-1 mAb starting on day 1 of the fractionated RT cycle (schedule A), day 3 of the fractionated RT cycle (schedule B), 4 days before starting fractionated RT (schedule C), or 4 days after completion of fractionated RT cycle (schedule D). (b) Average bilateral subcutaneous tumor progression. Data are shown as means ± SDs. (c) Survival curves. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 (log-rank; Mantel--Cox test). (d) Curative rates. Experimental groups contained at least five mice and are representative of at least three independent experiments.10.1080/15384047.2018.1550569-F0009Figure 9.Organism-wide analysis of immune cell responses to combined therapy.Animals were treated according to the scheme described in Figure 8A. (a) Cumulative results of CD4^+^ T, CD8^+^ T, and MDSCs in the spleen. (b) Cumulative results of CD4^+^ T, CD8^+^ T, and MDSCs in the blood. (c) Cumulative results of CD4^+^ T,and CD8^+^ T in the DLN.(d) Representative flow cytometry plots showing the percentages of CD3^+^, CD4^+,^ and CD8^+^ T cells in the DLN. Representative results from 3 independent experiments with 5 mice/group. \**P* \< 0.05; \*\**P* \< 0.01. RT, radiotherapy.10.1080/15384047.2018.1550569-F0010Figure 10.Optimal scheduling of αPD-1 mAb and RT combinatorial therapy is required for effective systemic anti-tumor immune responses.Animals were treated according to the scheme described in Figure 8A. (a) and (b) Representative flow cytometry plots showing the percentages of CD3^+^, CD4^+^, and CD8^+^ T cells in the spleen (a) and blood (b). (c) and (d) Ratios of CD8^+^and CD4^+^ T cells to MDSCs in the spleen (c) and blood (d). (e) Quantification of Ki-67 expression in CD45^+^ cells in the spleen. (f) PD-L1 expression in tumors. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. RT, radiotherapy.

In summary, schedule D, which involved αPD-1 mAb administration 4 days after completion of fractionated RT, was found to be the superior schedule.

Discussion {#S0003}
==========

In this study, we demonstrated that fractionated RT increased the expression of PD-L1 in tumor cells *in vitro* and *in vivo*. We observed that combination therapy of fractionated RT and αPD-1 mAb advantageously elicited systemic and local antitumor immunity, with concomitant increases in the percentages of TILs in the local tumor tissue and CD8^+^ T cells in the bloodstream, spleen, and DLN in mice. This combination therapy inhibited the growth of irradiated tumors and out-of-field tumors (abscopal effects). Furthermore, our data revealed that the best combination therapy was fractionated RT for 4 days, followed by αPD-1 mAb immunotherapy.

The synergistic effect of combining immunotherapy with RT has been demonstrated in preclinical models, particularly in tumors with mutational processes, such as melanoma, head and neck cancer, and colorectal cancer.^[27](#CIT0027),[28](#CIT0028)^ Malignancies of hematopoietic origin can also be ideal candidates for combination therapy of fractionated RT and αPD-1 mAb. The underlying mechanisms of abscopal effects observed in this study need to be determined in future studies. Moreover, additional studies are needed to determine the diversity of T-cell subsets in the tumor and their specific T-cell receptor.

Interestingly, we observed that combination therapy induced a systemic as well as a local/regional change in antitumor immunity. These changes were involved in the improvement of the immunosuppressive TME by the αPD-1 mAb as evidenced by the abundant TILs in irradiated and out-of-field lesions, especially CD3^+^ CD8^+^ T cells, which kill tumor cells and eliminate tumor lumps in mice. Numerous studies have focused on harnessing CD8^+^ rather than CD4^+^ T cells, because CD8^+^ T cells can specifically kill tumor cells, whereas CD4^+^ T cells cannot. In this study, we demonstrated that both CD8^+^ and CD4^+^ T cells were equally elevated locally and systemically. CD4^+^ T cells are important in the production of CD8^+^ T cells, especially in systemic immunity. Notably, in this study, CD8^+^ T cells were the major target of αPD-1 mAb immunotherapy. This may indicate that the PD pathway is more prominent in CD8^+^ T cells than in CD4^+^ T cells in the TME, and *vice versa* in the circulation. Interestingly, CD4^+^ CD25^+^ FOXP3^+^ Tregs were dramatically reduced. These results suggested that combination therapy reversed the highly immunosuppressive environment to produce an immunostimulatory milieu by enhancing effector T cells and suppressing Treg populations, which was more permissive for immune-mediated tumor destruction. This organism-wide analysis of systemic antitumor immunity showed that the peripheral blood and secondary lymphoid organs were more responsive to combination therapy than to monotherapy. Combination therapy stimulated various immune cell populations into a status of activation and propagation, including increases in DCs, macrophages, and T cells. This indicates that innate and adaptive immune cells are crucially involved in the systemic antitumor immune response. In addition, upregulation of MHC class I and class II proteins, which has been associated with antigen presentation by APCs, was observed upon combination therapy.

Furthermore, we assessed the immunological memory phenotypes of the expanding T-cell subsets. Intriguingly, combination therapy significantly improved CD44^+^ CD62L ^--^ effector memory cells and CD44^+^ CD62L^+^ central memory cells. These long-term memory cells have the capability to fight back when tumor cells regrow in the body. This finding prompted us to hypothesize that the combination therapy shifts the TME from an immunosuppressive to an immunostimulatory status and probably induces antitumor immunity memory, which is highly desirable in the clinical setting because these features are a first step in tumor elimination and an indication of regression, respectively. In other words, combination therapy might provide durable anti-tumor immunity.

The synergistic effects of combination therapy on tumor cell elimination in mice were further highlighted by the cytotoxic activity of CD8^+^ T cells in the spleen in EL4 lymphoma-bearing mice when compared with monotherapy. Certain Th1-type cytokines, such as IL-2 and IFN-γ, can enhance the proliferation and differentiation of CD8^+^ T cells. The activated CD8^+^ T cells can accumulate and enhance the adaptive immunity. Therefore, the expression levels of these cytokines are strongly related with the specific cytotoxic activity for antitumor immune responses.^[29](#CIT0029),[30](#CIT0030)^ Our results showed that combination therapy induced T cells to produce the inflammatory cytokines IL-2 and IFN-γ increase in splenocytes and blood when compared with monotherapy, which may result from combination therapy increasing CD8^+^ T cells in the peripheral T-cell pool.

Few studies have provided preclinical evidence for the optimal sequence of combination therapy. For example, Dovedi and colleagues reported that fractionated RT and αPD-1 mAb immunotherapy should be administered concomitantly in CT26 colon cancer in order to generate a stable systemic antitumor immune response.^[31](#CIT0031)^ Notably, we found that the efficacy of tumor treatment was similar when comparing sequential therapy (αPD-1 mAb immunotherapy 4 days after fractionated RT) with concomitant therapy (αPD-1 mAb immunotherapy 1 day of fractionated RT). However, overall survival rates and complete tumor regression were obviously better upon sequential therapy than after concomitant therapy. Heterogeneity in different tumor types, in addition to diversified radiation doses and fractionation, may account for these discrepancies. There are three potential mechanisms that can explain our findings. First, fractionated RT directly killed tumor cells, which could induce necroptosis and apoptosis in tumor cells, thereby releasing tumor antigens. A break of at least 2 days after administration of the last dose of fractionated RT is permitted, giving the immune system time to respond and recover. Application of αPD-1 mAb immunotherapy further promotes immune cell activation, tumor antigen presentation by APCs, DC maturation and migration, TIL formation and expansion, and potent antitumor immune responses. Second, fractionated RT targeting the tumor renders tumor cells fragile and susceptible to the killing of TILs. Elevated PD-L1 levels prepare the system for subsequent αPD-1 mAb immunotherapy. In addition, the time frame of response differs between fractionated RT and αPD-1 mAb immunotherapy. Fractionated RT rapidly kills the tumor cells and releases tumor antigens, which stimulate the formation of tumor-specific lymphocytes. In contrast, αPD-1 mAb immunotherapy improves the activity of these tumor-specific lymphocytes and enhances the continuity and persistence of antitumor immunity; this potent killing of tumor cells by tumor-specific lymphocytes may promote the formation of CD8^+^ memory T cells. Thus, the combination of fractionated RT with αPD-1 mAb therapy is complementary and overcomes the immunotolerance frequently observed in the local TME. This synergistic action between RT and αPD-1 mAb orchestrates tumor eradication. Therefore, PD immunotherapy reverses T-cell atrophy and dysfunction and improves the TME, whereas RT directly kills the tumor cells, primes TILs, and strengthens tumor immunity.

In summary, our data demonstrated that fractionated RT and αPD-1 mAb combinatorial therapy exhibited strong antitumor effects in a mouse EL4 tumor model. Further studies are required to determine the optimal time, dose, and sequence for the combination therapy. Moreover, it is necessary to optimize the combination therapy in the clinical setting to enhance the efficacy of current PD immunotherapy and benefit patients who do not respond to αPD-1 mAb monotherapy.

Materials and methods {#S0004}
=====================

Mice {#S0004-S2001}
----

Six- to eight-week-old C57BL/6 mice were purchased from Nanjing WuShi Animal Laboratory and maintained under specific pathogen-free conditions at the animal facility of the Animal Laboratory Center of Fujian Medical University. All animal experiments were performed in accordance with National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee of Fujian Medical University.

Cell line and regents {#S0004-S2002}
---------------------

EL4 lymphoma cells were purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were routinely screened for the absence of mycoplasma contamination using a mycoplasma detection kit. αPD-1 mAb (clone G4, a hamster IgG1 against mouse PD-1) was used as a blocking mAb for the PD pathway. The αPD-1 mAb was produced and purified as previously described.^[32](#CIT0032)^ The control IgG isotype used *in vivo* was purchased from BioXCell (West Lebanon, NH, USA). For *in vitro* cell radiation experiments, cells were seeded in 6-well plates and received fractionated RT at different doses (0 Gy, 8 Gy × 2, 15 Gy × 2, 25 Gy × 2, once a day). The cells were subcultured for 24 h after delivery of fractionated RT and then harvested for analysis.

Tumor cell challenge and treatment {#S0004-S2003}
----------------------------------

C57BL/6 mice were inoculated subcutaneously (s.c.) with 2 × 10^[5](#CIT0005)^ EL4 cells in both flanks on day 0; the right flank was irradiated at the primary tumor, and the left flank was subjected to out-of-field irradiation of the tumor. Animals were randomly assigned to treatment groups and were subjected to therapies when the tumor volume reached approximately 300 mm^3^. Irradiation was performed using an RS-2000 irradiator (Rad Source Technologies, Buford, GA, USA). Two fractions of 8 Gy were delivered to a single tumor, whereas for the contralateral tumor, fractionated RT was delivered outside the RT field. Anesthetized mice were positioned in a specific column for fixation, which allowed the area of the primary tumor to be irradiated and protected the rest of the body via a custom 1-cm lead shield. Fractionated RT was applied every other day. αPD-1 mAb and control IgG isotype was administered intraperitoneally at a dose of 200 μg/mouse (10 mg/kg) every 3 days for a total of three times, starting on day 1 of the fractionated RT cycle (unless otherwise stated). Tumor volume, which was measured using a caliper, was evaluated every 2 days. For tumor rechallenge experiments, LTS mice were implanted with tumor cells at a position remote to the original tumor a minimum of 60 days after previous tumor implantation. Experimental groups that contain at least five mice are representative of at least three independent experiments.

Immunohistochemistry (IHC) {#S0004-S2004}
--------------------------

Irradiated cells were embedded in low-melting agarose followed by dehydration and paraffin embedding. Tumors from treated mice were collected, fixed in 4% formalin for 24 h at 4°C, immersed in 75% alcohol, and embedded in paraffin. Primary antibodies used for IHC were as follows: anti-PD-L1 (clone EPR20529; Abcam, Cambridge, UK), anti-PD-1 (clone EPR20665; Abcam), anti-forkhead box P3 (FOXP3; clone 236A/E7; Abcam), anti-CD4 (clone EPR19514; Abcam), anti-CD3 (ab5690; Abcam), and anti-CD8 (ab203035; Abcam), anti-Arginase (ab91279; Abcam), anti-iNOS (ab15323; Abcam), anti-NK1.1 (MA1-70100; Thermo Fisher), anti-MHC I (ER-HR52; Abcam), anti-MHC II (ab25333; Abcam), rabbit anti-mouse (550338; BD), rat anti-mouse (ab6733; Abcam), and mouse anti-mouse (553441; BD). IHC was carried out using an Elivision Super HRP (Mouse/Rabbit) IHC Kit (KIT-9922, Maixin Biotech) and a Catalyzed Signal Amplification System (K1500, Dako)，according to the manufacturer's instructions. Three pathologists analyzed each tissue section. The percentages of positive cells in each visual field were assessed in high-power fields (magnification: 100×). Results were averaged and used for statistical analysis. The DLN and spleen were immunostained as positive controls (Supplementary [Figure 2(c)](#F0002)).

Flow-cytometric analysis {#S0004-S2005}
------------------------

The blood, spleen, and DLN were harvested on day 7 after treatment. Single-cell suspensions were prepared, and red blood cells were lysed using ACK Lysis Buffer. Antibodies targeting CD4 (GK1.5), CD8 (53--6.7), CD3 (145-2C11), Gr1 (RB6-8C5), CD11b (M1/70), CD45 (30-F11), CD62L (MEL-14), CD44 (IM7), PD-L1 (MIH5), and CD16/CD32 were purchased from eBioscience (Waltham, MA, USA). Antibodies targeting F4/80 (BM8), CD11c (N418), and Ki-67(SOIA15) were purchased from Biolegend (San Diego, CA, USA). Intracellular staining was performed using a fixation/permeabilization kit (eBioscience). The following gating strategies were used for flow cytometry: percentages of CD4^+^ and CD8^+^ after gating on live CD45^+^ CD3^+^ cells. The granulocytic MDSC population is CD11b^+^ and Gr1^+^. The Gr1− portion of the CD11b^+^ population was further subdivided by F4/80 staining. Gr1^−^ CD11b^+^ F4/80^+^ cells are macrophages. The DC population is CD11c^+^. Flow-cytometric analysis was performed using a FACSVerse (Becton Dickinson), and data were analyzed using FlowJo software.

Measurement of interferon (ifn)-γ and interleukin (IL)-2 {#S0004-S2006}
--------------------------------------------------------

Serum was collected from treated or control mice. IFN-γ and IL-2 levels were measured using enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. All samples were analyzed in duplicate. The sensitivity of detection was 3 pg/mL. Absorbance was measured at 450 nm. The measured concentration in each sample was normalized to the number of cells counted at the time of harvesting.

Assay of CTL activity in lymphoma-bearing mice {#S0004-S2007}
----------------------------------------------

The cytotoxic activity of CTLs was analyzed by MTT assays, as previously described.^[33](#CIT0033)^ Briefly, EL4 cells were applied as target cells (T) and were seeded in 96-well U-bottom microtiter plates at 1 × 10^[4](#CIT0004)^ cells/well in 1640 complete medium. Splenocytes were used as effector cells (E). The ratios of effector cells to target cells were 10:1, 20:1, and 40:1. The plates were then incubated for 20 h at 37°C. Twenty microliters of MTT solution (5 mg/mL) was added to each well, and the plates were incubated for another 4 h. To determine the percentage of killed target cells, the following equation was used: CTL activity (%) = \[OD~T~ -- (OD~S\ --~ OD~E~)\]/OD~T~ × 100%, where OD~T~ is the optical density value of the target cell control, OD~E~ is the optical density value of the effector cell control, and OD~S~ is the optical density value of samples.

Statistical analysis {#S0004-S2008}
--------------------

Results were expressed as means ± standard deviations (SDs). All statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA) and Origin 6 (OriginLab, Northampton, MA, USA). Student's *t*-tests were used to compare differences between two groups, and one-way analysis of variance was used to compare three or more groups. For survival analysis, Kaplan--Meier curves were analyzed based on log-rank (Mantel--Cox) tests for comparisons of all groups. Differences with *P*-values of 0.05 or less were considered significant.

Abbreviations {#S0005}
=============

PD-1programmed death-1PD-L1programmed death ligand-1TMEtumor microenvironmentTILstumor-infiltrating lymphocytesRTradiotherapyICDimmunogenic cell deathDAMPdamage-associated molecular patternCTLcytotoxic T lymphocytemAbmonoclonal antibodyIgGimmunoglobulin GLTSLong-term survivingIHCimmunohistochemistryTregT regulatory cellMDSCsmyeloid-derived suppressor cellsDCsdendritic cellDLNdraining lymph node
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